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Neutrinos may acquire small Dirac or Majorana masses by new low-energy physics in terms of
the chiral gravitational anomaly, as proposed by Dvali and Funcke (2016). This model predicts
fast neutrino decays, νi → νj + φ and νi → νj + φ, where the gravi-majorons φ are pseudoscalar
Nambu-Goldstone bosons. The final-state neutrino and antineutrino distributions differ depending
on the Dirac or Majorana mass of the initial state. This opens a channel for distinguishing these
cases, for example in the spectrum of high-energy astrophysical neutrinos. In passing, we put strong
bounds on the decay of the heaviest neutrino to a light pseudoscalar, τ3/m3 > 2.2 × 10−5s/eV at
90% CL, using data from experiments searching for antineutrino appearance from the Sun.
I. INTRODUCTION
A completely new approach to explain small Dirac or
Majorana neutrino masses [1] relies on new physics at
the low-energy frontier of particle physics instead of high-
energy extensions of the Standard Model. The key idea
is that a hypothetical topological vacuum susceptibility
of gravity induces fermion condensation [2, 3], which can
give rise to effective fermion masses [1]. If this effect
is realized in nature, it is most important for the light-
est fermions and could be the unique origin of neutrino
masses.
Phenomenologically, neutrino condensation would be
accompanied by the appearance of pseudoscalar Nambu-
Goldstone bosons φ, similar to light mesons in QCD,
that can be interpreted as neutrino-antineutrino bound
states [1, 3] and that we call gravi-majorons.1 An impor-
tant difference to conventional Nambu-Goldstone bosons
is that the ννφ vertex, due to its low-energy origin,
“melts” for high-energy off-shell situations so that con-
straints based on scattering processes, e.g. majoron pro-
duction in supernovae, typically do not apply [1, 5]. On
the other hand, decays of the type νi → (−)ν j + φ proceed
in the usual way.
While this scenario is exotic, it may become empiri-
cally motivated in the near future. One predicts a neu-
trinoless Universe after photon decoupling, or at least all
neutrinos in the lowest mass state, due to decays and an-
nihilations into gravi-majorons [1]. If near-future cosmo-
logical observations [6] fail to detect a hot dark matter
component on the minimal level expected from oscilla-
tion experiments, we may be forced to contemplate the
absence of the usual cosmic neutrino background. Simi-
lar questions arise if the KATRIN experiment [7] detects
a neutrino mass in conflict with cosmological limits.
The gravitational mass model works for both Dirac and
1 This suggestive terminology is a bit of a misnomer because ma-
jorons [4] were originally invoked to explain Majorana masses,
whereas it is a key point of our discussion that φ bosons appear
for both the Dirac and Majorana option.
Majorana neutrinos. Therefore, one important question
remains how we can experimentally distinguish between
these two possibilities. In high-energy models, neutrino-
less double-beta (0νββ) decay [8] is the most promising
approach and one that remains viable in our scenario.
Moreover, in the current paper we predict that the low-
energy gravitational mass model offers an additional op-
portunity through fast νi → (−)ν j + φ decays.
It is not new that details e.g. of radiative decays
νi → (−)νj + γ depend on the Dirac vs. Majorana nature
[9, 10]. The γ spectrum in relativistic decays depends
on this property, inherited from the angular γ distribu-
tion relative to the spin of the mother neutrino in its rest
frame. However, radiative decays of light neutrinos are
usually too slow to be of any practical interest.
We argue that the νi → (−)ν j + φ decays in the gravi-
tational mass model are fast enough to distinguish be-
tween the Majorana and Dirac cases by using the flux
and spectrum of the daughter neutrinos. A Dirac neu-
trino νi decays into a neutrino, either active νj or sterile
Nj , whereas a Majorana neutrino always decays into an
active state, which however in a detector appears as ei-
ther a neutrino νj or an antineutrino νj . This is possible
because a Majorana neutrino does not have a defined lep-
ton number, and what we call antineutrino is simply a
state with right-handed helicity.
A detector that can distinguish neutrinos from an-
tineutrinos can identify the Dirac or Majorana nature
by looking at neutrino vs. antineutrino appearance, as-
suming an asymmetry at the source. Moreover, given the
source spectrum, the energy spectrum depends on the na-
ture of the mass term independently of an asymmetry at
the source. If the mass spectrum is degenerate, Majorana
and Dirac particles can be distinguished because spin-flip
is not suppressed compared to spin conservation. As a
result, Majorana neutrinos would decay to antineutrinos,
whereas Dirac neutrinos would decay to sterile states.
The paper is structured as follows. In Sec. II we ex-
plain the key phenomenological differences between con-
ventional majoron-like models and the gravi-majoron sce-
nario. In Sec. III we compute the neutrino decay rate and
in Sec. IV we comment on their impact on solar, IceCube,
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2and supernova neutrinos. We summarize our findings in
Sec. V.
II. DIFFERENCES TO PREVIOUS
MAJORON-LIKE MODELS
A. Dirac or Majorana neutrino nature
In contrast to the original majoron model [4], the grav-
itational neutrino mass mechanism works for both Dirac
and Majorana neutrinos. Therefore we can in principle
distinguish three possible scenarios:
(1) Pure left-handed Majorana case: If neutrinos are
identical to their antiparticles and no right-handed
states exist, neutrinos are massless in the Standard
Model. The neutrino condensate then generates
small left-handed Majorana masses.
(2) Pure Dirac case: If neutrinos are distinct from their
antiparticles, right-handed states exist and the con-
densate generates small effective Dirac masses.
(3) Mixed case: If neutrinos are identical to their
antiparticles and right-handed states exist, the
condensate generates Dirac masses as well as
left- and right-handed Majorana masses. In this
case, the active and sterile Dirac states have
masses mν ∼meV– eV and are substantially mixed.
For simplicity, we focus on the minimal cases (1) and (2).
In the former case, the effective left-handed Majorana
mass terms violate isospin by one unit but are allowed
after electroweak symmetry breaking. Here, we note that
only the condensate but not gravity is assumed to violate
isospin.
Concerning case (3), the only interesting aspect worth
mentioning is that this active-sterile neutrino scenario
could be motivated by short-baseline anomalies [11].
While light sterile neutrinos generally conflict with cos-
mological constraints on neutrino masses and the effec-
tive number of neutrino species [12], these tensions dis-
appear in the gravitational mass model, because (i) the
mass bounds are weakened [1, 13] and (ii) the active relic
neutrino background is massless before photon decou-
pling and therefore uncoupled to the sterile states.
We note that the presence of light sterile neutrinos
would strongly distort the parameter space for 0νββ de-
cay [14] and could even make the decay vanish com-
pletely [15]. In contrast, gravi-majorons do not affect the
0νββ decay rate because their emission is strongly sup-
pressed (Sec. II C). Finally, there was a debate2 whether
2 We thank Nima Arkani-Hamed for raising this question and Gia
Dvali and Misha Shifman for further discussions. We also note
that this question has not yet been unambiguously answered.
the 0νββ decay rate might be altered because the grav-
itational neutrino masses are not hard masses generated
at high-energy scales but effective ones generated at the
low-energy condensation scale ΛG. However, since there
is no momentum flow through the masses generated by
the condensate, we expect them to be indistinguishable
from hard neutrino masses in the 0νββ process.
B. Late neutrinoless Universe
Interactions between neutrinos and Nambu-Goldstone
bosons are strongly constrained by cosmological data.
For example, almost the entire parameter space of the
“neutrinoless Universe” model [16], which evades the cos-
mological bounds
∑
imνi . 0.2 eV [17], was ruled out by
early-Universe neutrino free-streaming constraints [18–
22] and precision measurements of the primordial radi-
ation density [23]. In contrast, gravi-majorons are not
ruled out because they only arise in the late Universe af-
ter photon decoupling. We will discuss the details of this
high-temperature suppression of the new gravitational ef-
fects in App. A.
When the Universe cools down to the low phase tran-
sition temperature TG . Tdecoupling ∼ 0.3 eV, the neu-
trino condensate forms and the emerging gravi-majorons
φ ≡ {φk, ην} [1, 3] start to interact with neutrinos
through the same nonperturbative gravitational vertex
that is responsible for the neutrino masses,
Lint =
14∑
k=1
∂µφk
3∑
i,j=1
gij
mi +mj
νiγ
µγ5νj
+ iην
3∑
i,j=1
yijνiγ5νj + h.c. (1)
Here, the φk are 14 (almost) massless Nambu-Goldstone
bosons,3 ην is a massive pseudo-Nambu-Goldstone bo-
son with mην ∼ ΛG ∼ TG, and gij and yij are the
(off)diagonal couplings normalized to be dimensionless
(with4 gii = yii = mi/ΛG). In the following, we neglect
the sum over k and assume conservatively that the cou-
plings are to a single Nambu Goldstone boson.
After the cosmological phase transition, the previously
massless neutrinos become massive, quickly decay into
the lowest mass eigenstate, and (partially) annihilate into
gravi-majorons through the process ν + ν → φ + φ [1].
Thus, the early-Universe massless neutrino “radiation”
converts into massless gravi-majoron radiation after pho-
ton decoupling. This almost complete annihilation could
only be evaded in the hypothetical presence of substan-
tial neutrino asymmetries in the Dirac case, weakening
3 Zero hard neutrino masses imply mφk = 0, but some φk get
mφk ∼ 10−33 eV(ΛG/0.1 eV)3 by SU(2)W effects.4 We thank Glennys Farrar for pointing this out to us.
3the cosmological neutrino mass bounds to
∑
mν < 4.8 eV
at 95% CL [13].
To conclude, unless there are large primordial neutrino
asymmetries, the gravitational neutrino mass model [1]
predicts a late neutrinoless Universe and could be falsi-
fied by a cosmological neutrino mass detection, e.g. by
the upcoming DESI or Euclid surveys [6]. The KATRIN
beta-decay experiment [7] could provide a hint towards
our predicted neutrinoless Universe if it detects an un-
expectedly large neutrino mass scale. We stress that
KATRIN’s measurement of the electron energy spectrum
would be unaffected by the gravi-majorons, because their
interactions take place on much longer timescales than
the beta-decay process.
C. Stellar and laboratory bounds
One might naively expect that gravi-majorons are
ruled out by astrophysical observations, because their
couplings are severely constrained by stellar processes.
As explained in Ref. [5], the least suppressed two-photon
coupling of the gravi-majorons is gφγ ∼ (ΛG/me)3/ΛG ∼
10−10 GeV−1 for ΛG ∼ 0.1 eV, which at first sight is
already ruled out by constraints from solar axion ex-
periments, gφγ . 0.88 × 10−10 GeV−1 at 95% CL for
mφ . 0.02 eV [24]. However, the gravi-majoron pro-
duction in astrophysical environments with E  mν is
additionally suppressed by (ΛG/E)n due to the high-
energy softening of the gravitational vertex, where n is
an unknown power-law exponent that has to be fixed
by phenomenological requirements (as discussed in [1, 5]
and App. A). Thus, the common relation between axion-
like predictions for laboratory and solar axion experi-
ments does not apply [5]. By similar arguments one also
evades other astrophysical bounds on the gravitational
ννγ, ννφ, νννν, eeφ, and eeνν couplings, as we com-
ment on in App. A.
Regarding laboratory experiments, the most impor-
tant bounds on the emission of conventional majoron-
like bosons comes from 0νββ decay [25] and leptonic de-
cays of mesons [26]. Following the argumentation above,
these bounds do not apply to gravi-majorons because
they and their couplings to the virtual intermediate neu-
trinos dissolve in these high-energy processes. Moreover,
just like any pseudoscalar Nambu-Goldstone bosons, our
gravi-majorons do not mediate long-range interactions in
macroscopic systems due to their spin-dependent cou-
pling. However, short-distance fifth-force experiments
can put important bounds on our new gravitational in-
teractions, as discussed in [1, 5] and App. A.
We finally stress that the gravitational vertex suppres-
sion is due to the large four-momentum transfer in the
processes under consideration, which is why the suppres-
sion does not apply to neutrino oscillations or to the neu-
trino decays considered in Sec. III.
III. NEUTRINO DECAY RATE
As predicted by the gravitational neutrino mass model
[1], the presence of gravi-majorons implies neutrino decay
through the vertex of Eq. (1). The crucial new point of
this paper is that the Dirac and Majorana neutrino cases
yield different decay channels, so that the composition
of the daughter neutrinos depends on the type of masses
generated through the gravitational mechanism.
For the two neutrino decay channels, νi → νj + φ and
νi → νj + φ with mi > mj , the derivative coupling in
Eq. (1) is equivalent to the pseudoscalar coupling [27]
Lint = iφ
∑
ij
gijνiγ5νj + h.c. (2)
as we have checked in App. B. Thus, in the following we
will use pseudoscalar couplings.5
The differential rate Γ for the decay νi → (−)ν j + φ in a
generic reference frame is
dΓ = 12Ei
(2pi)4δ(4)(pi − pj − k)|M|2 d
3pj
(2pi)32Ej
d3k
(2pi)32ω ,
(3)
where the squared amplitudes for both the helicity-
preserving and helicity-changing processes are given in
App. B; here, pi, pj and k are the four-momenta of νi,
νj and φ respectively. After integration over the gravi-
majoron momenta and over the direction of the neutrino,
the differential rate is
dΓ
dEj
= 116piEi|pi| |M|
2 . (4)
In the laboratory frame, where Ei  mi, we find for
Majorana neutrinos
dΓMνi→νj+φ
dEj
=
g2ij
4piEi|pi|mimj (A− 2) (5a)
dΓMνi→νj+φ
dEj
=
g2ij
4piEi|pi|mimj
(
m2i +m2j
mimj
−A
)
, (5b)
where
A ≡
(
miEj
mjEi
+ mjEi
miEj
)
. (6)
5 Notice the Lagrangian in [28–30] includes a factor of 1/2.
4Dirac neutrinos decay either into active (left-handed) neutrinos or into sterile (right-handed) neutrinos Nj . The
differential decay rates equals 1/4 times the rates for Majorana neutrinos,
dΓDνi→νj+φ
dEj
= 14
dΓMνi→νj+φ
dEj
(7a)
dΓDνi→Nj+φ
dEj
= 14
dΓMνi→νj+φ
dEj
. (7b)
The differential rates must be integrated over the allowed energy range for the daughter neutrino νj ,
Ei
2
(
1 + 1
x2ij
)
− |pi|2
(
1− 1
x2ij
)
≤ Ej ≤ Ei2
(
1 + 1
x2ij
)
+ |pi|2
(
1− 1
x2ij
)
(8)
where xij ≡ mi/mj > 1. In the lab frame with Ei  mi, Eq. (8) reduces to
Ei
x2ij
≤ Ej ≤ Ei . (9)
The decay rates for Majorana neutrinos are then
ΓMνi→νj+φ =
g2ijmimj
4piEi
(
xij
2 − 2 +
2
xij
log xij +
2
x2ij
− 12x3ij
)
(10a)
ΓMνi→νj+φ =
g2ijmimj
4piEi
(
xij
2 −
2
xij
log xij − 2
x2ij
)
. (10b)
Our results agree with the literature [28–30], if one ac-
counts for the different normalization of the couplings.
There are two important limits for these expressions:
the case of a large mass hierarchy mi  mj and the de-
generate case mi ' mj . The latter case remains allowed
in the gravitational mass model, because the cosmolog-
ical bounds on neutrino masses are substantially weak-
ened (Sec. II B). In the limit of a large mass hierarchy,
one finds
ΓMνi→νj+φ = Γ
M
νi→νj+φ =
ΓMtot
2 (11)
where the total decay rate is
ΓMtot =
g2ijmi
4pi
mi
Ei
; (12)
here, the first factor is the total decay rate in the rest
frame of νi and mi/Ei is the Lorentz factor.
The total decay rate in Eq. (12) yields the neutrino
rest-frame lifetimes τi = 1/Γi of
τ3
m3
' 4× 10
−11
g232 + g231
s
eV (13a)
τ2
m2
' 1× 10
−9
g221
s
eV . (13b)
For example, the smallest possible, normal-ordered neu-
trino masses of m1 = 0 meV, m2 = 9 meV, and m3 =
50 meV [31] give
τ3 ' 2× 10
−12 s
g232 + g231
(14a)
τ2 ' 9× 10
−12 s
g221
. (14b)
The degenerate limit, mi ' mj , gives
ΓMνi→νj+φ = 2Γ
M
νi→νj+φ =
g2ij(mi −mj)3
3pim2i
mi
Ei
. (15a)
This is the main difference with neutrino decays into
scalars in a degenerate mass scenario, where helicity flip-
ping processes are strongly suppressed [32].6 Given that
the spin-flip processes are not suppressed (but their rate
6 We stress that the scalar decay rate of Majorana (M) and Dirac
(D) neutrinos in Eq. (2.6) of Ref. [32] needs to be corrected to
ΓM(D)scalar(νi → νj + φscalar) =
g2scalar
ζM(D)pi
(m2i −m2j )
Ei
(16)
where ζM = 1 and ζD = 4. This corrects for an inconsistency
between the coupling definition in their Lagrangian and their
rate (if neutrinos are Majorana particles), as well as an incorrect
expansion of their Eq. (2.2). We thank Nicole Bell for commu-
nications on this point.
5is different from the spin-conserving ones), we can iden-
tify several different observables to distinguish Majorana
and Dirac neutrinos, as we will discuss in Sec. IV.
To show how the cases for Majorana and Dirac neutri-
nos are different, in Fig. 1 we plot the energy distributions
F (Ej/Ei) of the daughter neutrinos produced in the de-
cay of the parent neutrinos νi, which is proportional to
the differential rate and normalized to the total decay
rate. Let us begin with the decay of Majorana neutrinos
with energy Ei. In the upper panel of Fig. 1, we show
the hierarchical case, mi  mj . The spectrum of neutri-
nos and antineutrinos is a box given by the sum of two
triangles, one corresponding to outgoing νj and one to
outgoing νj . In the degenerate case mi ' mj shown in
the lower panel of Fig. 1, the two triangles are distorted,
but the sum of the νj and νj distributions is still a box,
as the sum of Eqs. (5a) and (5b) is independent of energy.
In the Dirac case, the spectrum of active daughter neutri-
nos is only the orange triangle because the complement
to the box, the blue triangle, corresponds to undetectable
��� ��� ��� ��� ��� ������
���
���
���
���
���
���
�������� ������ �� /��
��
���
��
���
���
���
��
�
ν�→ν �+ϕ ν�→ν�+ϕ
��≫��
��� ��� ��� ��� ��� ������
���
���
���
�������� ������ �� /��
��
���
��
���
���
���
��
�
ν�→ν �+ϕ
ν�→ν�+ϕ
��≃��
FIG. 1. Normalized energy distributions F (Ej/Ei) of the
daughters νj and νj produced in the decay of Majorana neu-
trinos νi → νj+φ (orange), νi → νj+φ (blue), and their sum
(green), for hierarchical (upper panel) and degenerate (lower
panel) neutrino masses. For the Dirac case, the blue curve
instead refers to the decay to undetectable sterile states Nj .
sterile daughter neutrinos.
IV. CONSTRAINTS AND DETECTION
OPPORTUNITIES
One of the possibilities to distinguish Majorana from
Dirac neutrinos relies on the observation of the differen-
tial energy spectrum from a source whose flux is known.
In this case, there is no need for an asymmetry between
the initial neutrino and antineutrino fluxes, because the
differential energy spectrum is differently affected by the
decay depending on the nature of the neutrino mass.
A second possibility is given by the appearance or dis-
appearance of neutrinos or antineutrinos from a source
whose flux is asymmetric between ν and ν. For example,
the Sun emits only neutrinos [33], besides a tiny contribu-
tion of antineutrinos coming from heavy-element decay,
which is much smaller than the geoneutrino background
[34, 35]. The detection of antineutrinos could point to-
wards the decay of Majorana neutrinos. Notice, however,
that other explanations for such a detection would be
possible, e.g. a spin precession due to the existence of a
neutrino magnetic dipole moment [36].
Finally, the observation of a change in the flavor pat-
tern in the neutrino flux from a known source could in
principle distinguish Majorana and Dirac neutrinos, if it
is possible to distinguish neutrinos from antineutrinos in
the detector. Otherwise, it is only possible to observe the
decay, as the latter changes the neutrino composition in
terms of mass eigenstates of the flux.
A. Solar, atmospheric, and long-baseline neutrinos
The current constraints on neutrino decay for a normal
nondegenerate mass ordering are at 99% C.L.
τ3
m3
> 9.3× 10−11 seV (17a)
τ2
m2
> 1.0× 10−3 seV . (17b)
The bound on τ3 is obtained through an analysis of atmo-
spheric and long-baseline neutrinos [37], while the bound
on τ2 has been recently obtained with updated solar neu-
trino measurements [38], which have improved the pre-
vious estimate [39]. It is important to notice that these
bounds only apply to invisible neutrino decays, i.e., the
decay products are assumed not to cause significant sig-
nals in the detectors [37, 39]. Moreover, we stress again
that these limits on the lifetimes assume a hierarchical or-
dering [32, 40]. The constraints in Eq.s (17a) and (17b)
require the off-diagonal couplings to be√
g232 + g231 < 2× 10−1 and g21 < 3× 10−4 . (18)
These bounds on the couplings are valid both for Majo-
rana neutrinos and, once multiplied by a factor of 2, also
6for Dirac neutrinos. In the Majorana case, additional
strong bounds can be obtained, because solar neutrinos
would decay to antineutrinos showing up at experiments
like SNO [41] and KamLAND [42]. Also Borexino [43]
can put competitive bounds on the lifetime of solar neu-
trinos. However, the analysis in [43] only yields bounds
on the conversion of ν to ν assuming either equal shapes
for the solar ν and the converted ν or a unknown shape
for the ν spectrum, while no dedicated analysis is carried
out for neutrino decay.
The analysis of KamLAND data gives bounds on the
lifetime of ν2 Majorana neutrinos of [42]
τ2
m2
> 6.7× 10−2 seV (degenerate) (19a)
τ2
m2
> 1.1× 10−3 seV (hierarchical) (19b)
at 90% CL, which translate to bounds on the coupling
g21 < 4× 10−5 (degenerate) (20a)
g21 < 3× 10−4 (hierarchical) . (20b)
Concerning ν3 decay, there is as yet no dedicated anal-
ysis in the context of majoron models [31], presumably
because it was not known until recently that there is a
small component of ν3 in electron neutrinos. To esti-
mate the flux of ν3 from the Sun, we observe that this
mass eigenstate is not affected by matter effects, so its
component is simply |Ue3|2 = 0.02 [44]. In conclusion,
approximately 2% of the neutrinos coming from the Sun
are ν3. The bounds on the lifetime of ν3 Majorana neu-
trinos are then
τ3
m3
> 1.3× 10−4 seV (degenerate) (21a)
τ3
m3
> 2.2× 10−5 seV (hierarchical) (21b)
at 90% CL, and the bounds on the coupling are finally√
g232 + g231 < 3× 10−4 (degenerate) (22)√
g232 + g231 < 2× 10−3 (hierarchical). (23)
These bounds apply to any model where neutrinos can
decay to a light pseudoscalar.
B. IceCube and supernova neutrinos
Neutrino decays imply a distinct flavor composition of
long-traveling astrophysical neutrinos, because all neu-
trinos arrive in the lightest mass state. Observable decay
effects require Γi(mi/E) & D−1 and therefore [27]
gij & 5×10−8
(
50 meV
mi
)(
E
10 TeV
)1/2(100 Mpc
D
)1/2
.
(24)
As mentioned in Ref. [1], the relatively weak constraints
in Eq. (18) from atmospheric, long-baseline, and solar
neutrinos therefore imply that a deviation from an equal
neutrino flavor ratio (νe : νµ : ντ ) = (1 : 1 : 1) could
be measured at experiments such as IceCube. The latest
IceCube data gives a best-fit ratio of (0 : 0.2 : 0.8) but is
consistent with ratios like (1 : 1 : 1) and (1 : 0 : 0) [45].
While normal mass ordering would imply a dominance
of νe due to ν1 = (0.68 : 0.11 : 0.21), inverted ordering
would yield a dominance of νµ and ντ due to ν3 = (0.02 :
0.54 : 0.44) [44]. An equal flavor ratio is not allowed,
because only the intermediate eigenstate ν2 has an almost
equal flavor content. Thus, the predicted neutrino decays
are one possibility to test the gravitational neutrino mass
model in future.
An additional question is whether one can distinguish
Majorana from Dirac neutrinos at IceCube. At low en-
ergies, the detector cannot distinguish neutrinos from
antineutrinos. Nevertheless, for neutrinos with energies
around 6.3 PeV in the laboratory frame, the Glashow
resonance makes IceCube more efficient for νe detec-
tion [46]. Such a resonance is the s-channel of the pro-
cess νe + e− → W− → να + l−α and allows the detector
to distinguish neutrinos from antineutrinos. However,
the main problem here is the unknown asymmetry of the
neutrino and antineutrino fluxes. For analyzing IceCube
data, it is customary to assume equal fluxes for να and
να, both in energy and flavor [47]. In this case, it would
be impossible to distinguish Majorana from Dirac neu-
trinos. However, in general, these fluxes are expected
to be different. Neutrinos are produced by the decay of
charged pions via the decay chain [48]
pi+ →µ+ + νµ
↓
e+ + νe + νµ (25)
and the corresponding charge-conjugate process. If there
is an asymmetry in charged-pion production, there will
be an asymmetry in neutrino fluxes. For example, the
production mechanism p + γ → ∆+ → n + pi+ involv-
ing proton collisions on photons of the environment (pγ
sources) produces no pi− and thus no νe [46]. In the far
future, a better understanding of neutrino production in
astrophysical sources would give us tools to distinguish
the Majorana from the Dirac scenario.
The same might be true for supernova neutrinos, which
are expected to decay into the lightest mass eigenstate
while traveling to Earth. While this decay scenario re-
quires modified analyses of original supernova neutrino
spectra [1], it could also be probed through the future de-
tection of the supernova relic neutrino flux, i.e., the red-
shifted neutrino background from all past supernovae. In
Ref. [49] it was argued that a complete decay scenario can
potentially enhance the supernova relic neutrino back-
ground density up to the current experimental detection
bound, so that its measurement might be feasible with
near-future experiments.
7V. CONCLUSIONS
In this paper, we have explored the possibility of distin-
guishing Majorana from Dirac neutrinos by their gravi-
majoron decays, assuming a gravitational origin of neu-
trino masses as proposed in Ref. [1]. Interactions between
neutrinos and conventional Nambu-Goldston bosons are
strongly constrained by cosmology, astrophysics, and lab-
oratory experiments. In contrast, the gravi-majorons
we consider are not ruled out because they only arise
in the very late Universe and effectively decouple from
high-energy processes. The detection of an unexpect-
edly large absolute neutrino mass scale in beta-decay ex-
periments could provide a hint towards the gravitational
mass mechanism, because it evades all cosmological mass
bounds. Such large absolute neutrino mass scale implies
a degenerate mass hierarchy, allowing us to distinguish
Majorana from Dirac neutrinos through their decay. In
the Majorana case, we put strong bounds on the decay
of the heaviest neutrino, τ3/m3 > 2.2×10−5s/eV at 90%
CL, using data from experiments searching for antineu-
trino appearance from the Sun. We also explored the
possibility of distinguishing Dirac from Majorana neutri-
nos with future IceCube data; however, such a possibility
requires a better understanding of neutrino production in
astrophysical sources. The future will bring more data in
neutrino astronomy, and perhaps even a supernova, to
further study such an exotic, yet fascinating, scenario.
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Appendix A: High-energy softening of the
gravitational vertex
In this appendix, we explain and constrain the high-
energy softening of the nonperturbative gravitational ver-
tex that gives rise to the coupling in Eq. (1). Some of the
constraints have already been discussed in Refs. [1, 5].
1. Cosmological constraints
In the early Universe before photon decoupling, i.e.
for T & Tdecoupling ∼ 0.3 eV, neutrino self-interactions
λij = {gij , yij} are strongly constrained by data from
the cosmic microwave background, λij . 10−7 [27, 50].
Since we only compare relative temperatures here, we
can neglect the difference of (11/4) between the neutrino
and photon temperatures. The mentioned constraints do
not rule out the ’t-Hooft-like gravitational four-neutrino
vertex [1, 5] that gives rise to the interactions λij in
Eq. (1) after the phase transition, because this effective
low-energy vertex is strongly temperature-suppressed be-
fore the neutrino phase transition, λij(T ) ∝ (ΛG/T )n.
Here, n is an unknown power-law exponent that has to
be fixed by phenomenological requirements.
For comparison, the nonperturbatively generated QCD
axion mass is suppressed by ma ∝ (ΛQCD/T )11 for
T  mq, where ΛQCD is the QCD scale and mq are
the quark masses [51]. However, we note that the anal-
ogy between the QCD and gravitational scenarios does
not go too far, because the perturbative QCD coupling
becomes strong at T ∼ ΛQCD, while the perturbative
gravitational coupling is expected to be weak and cosmo-
logically decoupled at the phase transition temperature
TG ∼ ΛG [1, 5]. While quarks and pions couple via the
slowly running perturbative QCD coupling, our gravita-
tional vertex is purely nonperturbative and thus expected
to decrease much faster than in the perturbative QCD
case. Thus, our analogy is only based on possible simi-
larities between the nonperturbative and anomaly struc-
tures of these two theories [1].
The mentioned cosmological constraints require
λij(T0) . 10−4 for a minimal suppression of n = 1
and a phase transition temperature of TG & T0, where
T0 ∼ 0.2 meV is the cosmic temperature today. Already
for n ≥ 2, the zero-temperature couplings can be as large
as λij(T0) ∼ 1. We note in this context that a simplified
cosmological analysis of the neutrino mass model demon-
strates that the phase transition is favored to happen at
very low redshifts, z ∼ 0 [13].
2. Stellar and laboratory constraints
The gravi-majoron production in high-energy astro-
physical environments with E  mν is suppressed by
(ΛG/E)n, where n = 1 is already sufficient to satisfy the
astrophysical constraints on gφγγ mentioned in Sec. II C.
The gravitational ννγ, ννφ, νννν, eeφ, and eeνν cou-
plings are also strongly suppressed in stellar processes.
However, the constraints on direct couplings to electrons
are stronger than in the two-photon case, due to the ab-
sence of the electron-loop suppression. The most strin-
gent bounds on majoron-like models usually come from
Compton or bremsstrahlung processes in red giant cores,
geeφ . 10−9 GeV−1 [52], which equally apply to geeνν . In
our case, these astrophysical bounds cannot be trivially
translated into bounds on n, since astrophysical processes
typically involve different momentum transfers. In par-
ticular, these processes becomes less n-suppressed but
more phase-space suppressed at low momentum transfer
8[53]. We defer a detailed analysis of such constraints to
later studies and only observe here that the constraints
should be satisfied for a relatively low suppression factor.
The most stringent laboratory bounds on fifth forces
mediated by the scalar analogs of gravi-majorons [5]
are |α| . 106 (10−2) for ΛG ∼ 0.1 eV (1 meV) [54],
where |α| is the strength of the Yukawa-like correction
to the Newtonian gravitational constant (i.e. normal-
ized to gravity). These bounds on fifth forces between
hadrons translate into constraints on the power-law ex-
ponent of the large-mass decoupling, n & 1.6 (1.7), due
to |α| ∼ (ΛG/mp)2n(MP /mp)2 at distances r ∼ Λ−1G
[5]. Here, we used (ΛG/mp) ∼ 10−10 (10−12) and de-
noted MP and mp as the Planck and proton masses,
respectively. The high-energy suppression of the pre-
dicted fifth force between electrons is much weaker due
to (ΛG/me) ∼ 2× 10−7 (2× 10−9), but the experimental
bounds on such a force are weaker as well, |α| . 1022
(1018) [55], translating to n & 1.2 (1.2). Thus, all of
the laboratory constraints are compatible with the model
predictions for n & 2 [5].
Appendix B: Matrix element for the neutrino decay
In this appendix, we calculate the matrix element for
the decay process νi → (−)ν j + φ of a Dirac or a Majorana
neutrino with fixed initial spin and derivative coupling to
a gravi-majoron7
Lint = ∂µφ
∑
ij
gij
mi +mj
νiγ
µγ5νj + h.c. (B1)
For the Dirac neutrino case, fixing the initial spin is
equivalent to choosing an active or a sterile initial state,
whereas for a Majorana neutrino it simply means choos-
ing if it is a neutrino (left-handed) or an antineutrino
(right-handed). Using the Feynman rules of Ref. [56], we
find
MD = gφ,ijuνjγµγ5uνiJφµ (Dirac) (B2a)
MM = gφ,ijuνjγµγ5uνiJφµ × 2 (Majorana), (B2b)
where we have neglected global phases and Jφµ = kµ is
the gravi-majoron current. Note that the matrix element
for the Majorana case is twice as large as for the Dirac
case because the hermitian conjugate in the Lagrangian
also contributes to the amplitude, so that the rate will
be four times larger for a decaying Majorana neutrino.
This can be compared e.g. to radiative decays induced,
for which the decay width of Majorana neutrinos is two
times larger than the decay width of Dirac neutrinos [57].
The global constant can be reabsorbed in the coupling
definition.
7 In the case of Majorana neutrinos, we will assume that both the
final and initial neutrinos are Majorana particles.
Let us consider the case of a decaying Majorana neu-
trino. Squaring the amplitude one finds
|MM|2 = g
2
ij
(mi +mj)2
Tr
[
(/pi +mi)(1 + hiγ
5/Si)γµγ5
×(/pj +mj)(1 + hjγ5/Sj)γνγ5
]
kµkν , (B3)
where pi, pj and k are the four-momenta of νi, νj and φ
respectively and we used [58]
uνuν =
1
2(/p+mν)
(
1 + hγ5/S
)
(B4)
with the spin vector
S =
( |p|
mν
,
Eν
mν
pˆ
)
. (B5)
The squared amplitude in Eq. (B3) has 16 terms, 8 of
which contain an odd number of γµ and 4 of which have
a γ5 so that they do not contribute for symmetry reasons.
The remaining terms give
|MM|2 = 4 g2ij [(pi · pj −mimj)(1 + hihjSi · Sj)
− hihj(pi · Sj)(pj · Si)] . (B6)
Analogously, one can compute the decay through a pseu-
doscalar coupling
Lint = iφ
∑
ij
gijνiγ5νj + h.c. (B7)
and find explicitly that it has the same squared amplitude
as in Ref. [28]. Notice that there are two factors to be
taken into account. The coupling in our interaction La-
grangian is twice as large as in Ref. [28]; furthermore, we
use a different spinor normalization, so an additional fac-
tor 1/(4mimj) has to be included. Our results agree with
Ref. [28] but differ from the ones reported in Ref. [59],
where the couplings are defined as in our lagrangian but
the rate is quoted directly from Ref. [28]; the results in
Ref. [59] would be correct if they considered exclusively
Dirac neutrinos. In the following we will consider only
the pseudoscalar coupling, as the derivative coupling pro-
cess is equivalent to the latter.
9After substituting Eq. (B5) in (B8), one can evaluate
the squared amplitude in the νi rest frame (where the
spin vector S = (0,S), so that S · p = 0), showing that
the emission of a certain helicity is not isotropic,
|MM|2 = 4 g2ij
[
(miEj −mimj)
(
1− hihjEj pj|pj | · Si
)
−hihj
(
mi
|pj |
mj
)
(pj · Si)
]
. (B8)
The anisotropy in the emission translates into different
differential rates for different helicity final states [10]. We
can evaluate the squared amplitudes in the laboratory
frame, in which Ei  mi, finding for the helicity con-
serving decay
|MMνi→νj+φ|2 = 4 g2ijmimj (A− 2) (B9)
and for the helicity flipping decay
|MMνi→νj+φ|2 = 4 g2ijmimj
(
m2i +m2j
mimj
−A
)
, (B10)
where
A ≡
(
miEj
mjEi
+ mjEi
miEj
)
. (B11)
The decay rate for Dirac neutrinos to a neutrino or a ster-
ile (right-handed) neutrino are found by dividing these
expression by 4 and interpreting νj as a sterile state Nj .
These are the expressions that are relevant for the decay
rate discussed in the main text.
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